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MULTIPLEXER CONFIGURATION 
FOR PROGRAMMABLE LOGIC DEVICE 

Background of the Invention 

[0001] This invention relates to a multiplexer 
5 configuration for a programmable logic device, and more 
particularly to a multiplexer configuration that consumes 
fewer logic resources for a given multiplexer function. 
[0002] A multiplexer may be described as a hardware 
component that has N data inputs, C control inputs and 

10 only one data output. The data on the single output are 
the data on one of the N data inputs as determined by the 
state of the C control inputs. Every input can be output 
through a unique encoding of the C control inputs. 
[0003] It is common in programmable logic devices to 

15 provide logic elements which are based on look-up tables. 
For example, programmable logic devices available from 
Altera Corporation, of San Jose, California, may include 
logic elements built around four- input look-up tables. 
The logic elements can be programmed and programmably 

2 0 interconnected to simulate any logic function, including 
that of a multiplexer. 

[0004] One known configuration for implementing a 
multiplexer in programmable logic is to use two four- input 
look-up tables to create a four-to-one multiplexer (i.e., 
2 5 a multiplexer where N = 4) , or one four- input look-up 

table to create a two-to-one multiplexer. A tree of four- 
to-one multiplexers and/or two-to-one multiplexers can be 
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used to create a multiplexer having any number of inputs, 
N, with up to N control inputs. 

[0005] The control inputs can be encoded according to a 
binary scheme, requiring, for N data inputs, C control 
5 inputs where C = log2N or C = (INT(log2N) + 1), depending 
on whether or not N is an integer power of 2, where INT(x) 
is a function that returns the largest integer in x (i.e., 
x rounded down to the nearest integer unless x is already 
an integer) . Thus, for four inputs only two control 

10 inputs are required. 

[0006] Larger multiplexers are created by creating 
trees of four- to-one binary-encoded multiplexers, each of 
which consumes two four-input look-up tables. Such a tree 
consumes at least 0.625N look-up tables for small N, and 

15 as N gets larger the most efficient trees approach 2N/3 

look-up tables. And if N is such that one or more look-up 
table inputs are not used, the number of look-up tables 
required may be an even larger multiple of N, although it 
also may be possible to replace some of the four-to-one 

2 0 multiplexers with two- to-one multiplexers, each of which 
consumes only one look-up table, so the number of look-up 
tables may not increase as much. 

[0007] The control inputs of a multiplexer also can be 
encoded using a scheme known as "one -hot" encoding, in 

2 5 which the number of control inputs equals the number of 

data inputs and only one control input is hot at any one 
time to select one of the data inputs as the output. It 
should be noted that although this scheme is referred to 
as 11 one -hot, " it may not be case that the signal voltage 
30 is high on only one control input. Rather, because 
signals are easily inverted, and may be inverted for 
various reasons, as long as the values loaded in the look- 
up table are adjusted accordingly, one or more inputs may 
have a high signal voltage without being considered "hot." 

3 5 Thus, "one -hot" does not mean that only one input has a 

high signal voltage, or even that a high logic state is 
represented by a high signal voltage, or by the same 
signal voltage for all inputs. Rather, some signals that 
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are high and some signals that are low may be considered 
to be in the same logic state, and "one -hot" means that 
only one input can be in the logic state that is 
considered high. 
5 [0008] One method for constructing, from four-input 

look-up tables, an N- input multiplexer to be encoded using 
one -hot encoding requires a row of N/2 look-up tables. 
Each look-up table takes two data inputs and two control 
lines which are associated with those two data inputs. 

10 The look up table calculates a logic function equivalent 
to logically ANDing each data input with its associated 
control input and ORing the results of the two ANDs . The 
results of these N/2 look-up tables are ORed together to 
make the final multiplexer result. This requires a tree 

15 of four- input look-up tables, the number of which tends 
towards N/6. N/2 + N/6 = 2N/3, so the efficiency is the 
same as the binary encoding case. 

[0009] It would be desirable to be able to provide 
multiplexers in programmable logic that consume fewer of 

2 0 the programmable logic resources. 

Summary of the Invention 

[0010] The present invention achieves the result of 
providing multiplexers in programmable logic that consume 
fewer of the programmable logic resources -- i.e., fewer 

25 than about 0.57N four-input look-up tables for an N-to-one 
multiplexer where N ^ 6. Indeed, according to the 
invention, an N-to-one multiplexer can be created from as 
few as 0.5N four-input look-up tables. If N is odd the 
number of required look-up tables L increases to 

30 L=0.5(N+1), but as N gets large, this becomes only 
insignificantly greater than 0.5N, and even for N = 7, 
L = 4 * 0.57N which is no worse than the best case for the 
previously known arrangement . 

[0011] In known programmable logic, four- to-one 

3 5 multiplexers (N = 4) are created by chaining together two 

four- input look-up tables in the manner described in more 
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detail below. For N > 4, using binary encoding, trees of 
four-to-one and/or two-to-one multiplexers are created 
The most efficient case for a fully-populated one-level 
tree (i.e., four four-to-one multiplexers feeding a single 
5 four- to-one multiplexer) involves five multiplexers, or 
ten look-up tables, to implement a sixteen- to-one 
multiplexer. This works out to L = 0.625N. The situation 
may be somewhat better where the tree is not fully 
populated. Thus, for N = 5, one four- to-one multiplexer 

10 and one two- to-one multiplexer, or three look-up tables, 

are required. This works out to L = 0.6N. Even for N = 6 
or N = 7, two four-to-one multiplexers (four four-input 
look-up tables) can be used. This works out to L * 0.67N 
for N = 6 or L « 0.57N for N = 7. For N = 8, two four-to- 

15 one multiplexers and one two-to-one multiplexer, or five 

four- input look-up tables, can be used. This works out to 
L = 0.625N, as in the case of N = 16. Similar numbers 
obtain for 9 < N < 15. 

[0012] In accordance with the present invention, the 

2 0 chaining of look-up tables does not stop at two look-up 

tables as in the previously known arrangement. Rather, 
one chains together as many look-up tables as one needs, 
in the manner described below, to create a multiplexer 
having as many inputs N as are needed. In the arrangement 
25 illustrated below, each four-input look-up table can 

accept two data inputs and thus for even N, L = 0.5N. For 
odd N, L = 0 . 5N + 0.5. The odd N and even N cases can be 
generalized and expressed mathematically as 
L = 0 . 5 (N + MOD (N, 2 ) ) , where MOD(x,y) is a function that 

3 0 returns the integer remainder of the quotient of two 

integers x/y. It will be seen that MOD(N,2) is equal to 
zero for even N and is equal to 1 for odd N. 
[0013] Most preferably, the look-up tables used to 
implement the multiplexers in accordance with the present 
3 5 invention are located adjacent one another and are chained 
together by direct "fast" connections in a manner 
described below. Such an arrangement provides, first, the 
area savings described above, and, second, faster 
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multiplexers. However, it is not necessary in accordance 
with the invention to use the direct connections, and the 
look-up tables used can be scattered over the programmable 
logic device and "chained" using general interconnect 
5 resources of the programmable logic device . Such an 

embodiment would not be faster, but would still provide an 
area advantage. Indeed, it would allow the use of single 
"orphan" look-up tables left over from implementing the 
remainder of the user logic design. Thus, if area savings 

10 are a greater concern than speed, multiplexers can be 
created according to the invention by interconnecting 
scattered look-up tables. This is particularly 
advantageous if a sufficient number of contiguous look-up 
tables to create the needed multiplexers could not be 

15 found without moving to a larger model of programmable 
logic device. 

[0014] The present invention also provides a novel 
encoding scheme for the control inputs. Rather than using 
either binary encoding or "one-hot" encoding, the current 
2 0 invention preferably is implemented with a modified "one- 
hot" scheme where the number of control inputs exceeds the 
number of look-up tables by one. One of those inputs 
preferably is an input to the first look-up table in the 
chain, where another look-up table in the chain would 

2 5 receive as an input the output of a previous look-up table 

in the chain. In accordance with the encoding scheme of 
the invention, this input may assume either logic state. 
Of the remaining inputs, only one may be hot at any one 
time, as in the "one-hot" encoding scheme. Here again, 

3 0 while only one input may be in a logic state that is 

considered hot, that does not mean that only one input has 
a high signal voltage, or even that a high logic state is 
represented by a high signal voltage, or by the same 
signal voltage for all inputs, as long as the look-up 
3 5 table values are adjusted accordingly. 

[0015] It will be appreciated that of the three 

encoding schemes described herein, the modified one-hot 
scheme of the present invention is less efficient in terms 
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of the number of control inputs required as compared to 
the binary scheme, but is more efficient than the 
conventional one-hot scheme. This is because the "extra" 
input can be used as an "odd/even select" to allow each of 
5 the other control inputs to encode one of two possible 
outputs. Thus, one of the other inputs will select a 
particular one of the L look-up tables, meaning that one 
of that look-up table's two data inputs will be the 
output, and the odd/even select input determines which of 

10 those two data inputs is the output. 

[0016] Therefore, in accordance with the present 
invention, there is provided a multiplexer circuit in a 
programmable logic device. The multiplier circuit has a 
circuit output and includes N data inputs (N 2 6) , C 

15 control inputs, and L look-up tables, each having only one 
table output. Preferably, L = 0 . 5 (N + MOD(N,2)) and 
C = L + 1. Each of L - 2 of the L look-up tables 
preferably has, as an input, a table output of another one 
of the L look-up tables, and has its table output directed 

2 0 only to an input of another one of the L look-up tables. 

Preferably, one of the L look-up tables other than the 
L - 2 look-up tables has its table output directed only to 
an input of one of the L - 2 look-up tables. Another one 
of the L look-up tables, other than the L - 2 look-up 
25 tables and the one of the L look-up tables, has as an 

input the table output of one of the L - 2 look-up tables, 
the output of the another one of the L look-up tables 
being the circuit output. 

[0017] A method of encoding the control inputs of such 

3 0 a multiplexer circuit, and a programmable logic device 

incorporating such a multiplexer circuit, are also 
provided . 

Brief Description of the Drawings 

[0018] The above and other advantages of the invention 
3 5 will be apparent upon consideration of the following 
detailed description, taken in conjunction with the 
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accompanying drawings, in which like reference characters 
refer to like parts throughout, and in which: 
[0019] FIG. 1 is a schematic representation of a 
programmable logic device with which the present invention 
5 may be used; 

[0020] FIG. 2 is a schematic representation of a 
previously known four-to-one multiplexer configured from 
two look-up tables; 

[0021] FIG. 3 is a schematic representation of a 
10 previously known 16-to-one multiplexer; 

[0022] FIG. 4 is a schematic representation of a 

previously known 64 -to-one multiplexer; 

[0023] FIG. 5 is a schematic representation of a 

previously known five-to-one multiplexer; 
15 [0024] FIG. 6 is a schematic representation of a chain 

of look-up tables configured as a multiplexer in 

accordance with the present invention; and 

[0025] FIG. 7 is a schematic representation of a system 
including a programmable logic device incorporating a 

2 0 multiplexer according to the present invention. 

Detailed Description of the Invention 

[0026] As described above, the present invention 
provides multiplexers in programmable logic devices more 
efficiently than known implementations of multiplexers in 
25 cases of six or more inputs by chaining together the 

necessary number of look-up tables based on the number of 
inputs, rather than by constructing a tree of individual 
multiplexers each implemented by one or two look-up 
tables. Using four-input look-up tables as is preferred, 

3 0 two of the look-up table inputs are available for data 

(with a third used as a control input and fourth used to 
chain the output of a previous look-up table or, in the 
case of the first look-up table in the chain, as an 
additional control input) , so that for an even number, N, 
35 of inputs, the number, L, of look-up tables is one-half 
the number of inputs, or L = 0.5N. For an odd number, N, 
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of inputs, L = 0.5N + 0.5 = 0 . 5 (N + 1). More generally, 
for any N, L = 0 . 5 (N + MOD(N,2)) . A modified one-hot 
encoding scheme preferably is used as described above. 
[0027] The invention will now be described with 
5 reference to FIGS. 1-6. 

[002 8] PLD 10, shown schematically in FIG. 1, is one 
example of a device incorporating a serial interface 2 0 
according to the invention. PLD 10 has a programmable 
logic core including programmable logic regions 11 

10 accessible to programmable interconnect structure 12 . The 
layout of regions 11 and interconnect structure 12 as 
shown in FIG. 1 is intended to be schematic only, as many 
actual arrangements are known to, or may be created by, 
those of ordinary skill in the art. 

15 [0029] PLD 10 also includes a plurality of other input/ 
output ("I/O") regions 13. I/O regions 13 preferably are 
programmable, allowing the selection of one of a number of 
possible I/O signaling schemes, which may include 
differential and/or non-differential signaling schemes. 

2 0 Alternatively, I/O regions 13 may be fixed, each allowing 
only a particular signaling scheme. In some embodiments, 
a number of different types of fixed I/O regions 13 may be 
provided, so that while an individual region 13 does not 
allow a selection of signaling schemes, nevertheless 

2 5 PLD 10 as a whole does allow such a selection. 

[003 0] Programmable logic regions 11 preferably include 
a plurality of four- input look-up tables, the values of 
which may be loaded to implement any desired function of 
its four inputs, in order to implement a user logic design 

3 0 for device 10. FIG. 2 shows a previously known 

arrangement by which two such look-up tables 21, 2 2 can be 
connected to implement a four-to-one multiplexer 20. As 
can be seen, the four data inputs are divided between the 
last two inputs 213, 214 and 223, 224 of each 
35 multiplexer 21, 22 (although the particular order of the 
inputs is not important because the data loaded into each 
look-up table 21, 22 can be adjusted to obtain the desired 
output regardless of which input is used for which 



- 9 - 



purpose) . The first two inputs 211, 212 and 221, 222 of 
each multiplexer (again the particular order is not 
important) are used as select inputs. For look-up 
table 21, both select inputs come from outside 
5 multiplexer 20. For look-up table 22, only one select 

input comes from outside multiplexer 2 0 and is the same as 
one of the select inputs of look-up table 21. The other 
select input of look-up table 22 is the output of look-up 
table 21, chained to an input of look-up table 22 by 
10 link 23. For the circuit shown in FIG. 2, look-up 
table 21 is loaded as follows: 
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while look-up table 22 is loaded as follows: 
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[0031] This known arrangement provides an N-to-one 
multiplexer (N = 4) using L = 2 = 0 . 5N look-up tables. 

15 However, for any greater N, this known arrangement is far 
less efficient. Consider, for example, a sixteen- to-one 
multiplexer 30, which would be implemented as shown in 
FIG. 3. Each of the sixteen inputs would be input to one 
of four-to-one multiplexers 31, 32, 33, 34 (two look-up 

2 0 tables each, for a total so far of eight look-up tables) , 
while the outputs of all of those multiplexers would be 
input to four-to-one multiplexer 35 (two additional look- 
up tables, for a total of ten look-up tables) . In this 
case, L = 10 and N = 16, so L = 0.62 5N. . Adding another 

25 level to the tree creates 64-to-one multiplexer 40 of 

FIG. 4, using 21 four- to-one multiplexers or 42 look-up 
tables. With N = 64 and L = 42, L = 0.65625N. It will be 
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readily seen that for N = 256 (not shown) , the number of 
four-to-one multiplexers is 21 x 4 + 1 = 85 or L = 170, 
making L = 0.6640625N, which approaches the theoretical 
ratio of 2N/3 for the most efficient case for large N, as 
5 described above. 

[0032] For cases where N is not a multiple of 4, 
efficiency may be lower. As illustrated in FIG. 5 for 
N = 5, to implement a five- to-one multiplexer 50 using the 
structure of FIG. 3 requires three four- to-one 

10 multiplexers 51, 52, 53 (six four-input look-up tables). 
In this case, N = 5 and L = 6 as described above, so 
L = 1.2N. However, in fact the situation is somewhat less 
inefficient, because in this case, multiplexer 52 can be 
eliminated with input De input directly to multiplexer 53 . 

15 Moreover, multiplexer 53 can be a two-to-one multiplexer 
which can be implemented with one four- input look-up 
table. So for N = 5, L = 3 = 0.6N. It will also be seen 
that for N = 6 or 7, multiplexer 53 can be a four-to-one 
multiplexer, so L = 4 . For N = 6, then, L « 0.67N and for 

20 N = 7, L « 0.57N. For N = 8, two four-to-one multiplexers 
and one two-to-one multiplexer can be used, for 
L = 5 = 0.625N as in the case of N = 16. 
[0033] This known arrangement can be generalized as 
follows : 

25 [0034] Starting with a four-to-one multiplexer, then 
you have N = 4 and L = 2. Adding another four-to-one 
multiplexer adds two look-up tables, takes up one input 
(to attach it to the existing tree) and provides four new 
inputs. So the net effect of adding a four-to-one 

30 multiplexer is to increase N by 3 and L by 2. Adding a 
two- to-one multiplexer adds one look-up table, takes up 
one input and adds one input, with the net effect of 
increasing each of N and L by 1 . This can be expressed 
mathematically as follows: 

35 L = 2(INT((N - 4)/3)) + MOD ( (N - 4), 3) + 2 

The second term can only have the values 0, 1 or 2 , and 
the third term is a constant, so for large N the first 
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term dominates and tends to 2N/3 as expected. Indeed, the 
immediately foregoing equation is equivalent to: 

L = CEIL(2 (N - l)/3) , 
where CEIL(x) is a function that returns the next integer 
5 above x (i.e., x rounded up to the nearest integer unless 
x is already an integer) which more clearly tends to 2N/3 . 
[0035] According to either of the two immediately 
foregoing equations, the relationship of the number L of 
look-up tables to the number N of data inputs is as 
10 follows: 
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[0036] FIG. 6 shows an eight-to-one multiplexer 60 in 
accordance with the present invention, using four four- 
input look-up tables 61-64. Each look-up table 61-64 has 
two inputs used for data inputs Dn. One of the other two 

15 inputs is used as a control input SEIm, while the fourth 
input is chained from the output of the previous one 
look-up tables 61-63 via links 65, except in the case of 
the look-up table 61, where the fourth input is an 
additional control input SELodd/ even. With N = 8 and L = 4 , 

2 0 L = 0.5N, and the number of control inputs C = 5 = L + 1. 
The encoding for multiplexer 60 preferably is as follows: 
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It will be seen that for N = 7 , L is still 4 = 0 . 5N + 0.5, 
and still C = L + 1. It further will be seen that for any 
N, L = 0.5 (N + MOD(N,2)) as set forth above, which for 
5 N > 6 is more efficient than (except that the case of 

N = 7 is as efficient as) the previously known arrangement 
described above . 

[0037] The immediately preceding table also illustrates 
the modified one -hot encoding described above, with only 

10 one of the SELn control inputs hot at any one time, with 
the SELodd/even control input assuming either state . Note 
that for odd N, the output will be undefined for one set 
of control input states. Although only one of the SELn 
control inputs has been described as "hot," it will be 

15 appreciated that that does not mean that that input will 
be "high" in the sense of a positive voltage (e.g., +5V in 
a TTL system) . Nor does it mean that only one signal will 
be TTL "high." Rather, the reference is to a logically 
hot signal. Thus, if SEL2 were replaced by nSEL2, the 

20 situation would be as follows: 
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with no change in result. Although two of the SELn inputs 
would be TTL "high," only one is considered "hot" within 
the meaning of this invention. 

[0038] One look-up table configuration that could be 
5 used to create multiplexers 60 in accordance with the 
present invention is as follows: 
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However, it will be appreciated that that is only one 
example of look-up table programming that could be used. 
Moreover, it will be appreciated from the foregoing 

10 discussion that the order of inputs could be rearranged 
and inputs could be inverted, so that even this one 
example could give rise to many permutations. In 
addition, it will be appreciated that other numbers of 
look-up tables could be used to create other sizes of 

15 multiplexers. 

[0039] As shown in FIG. 6, look-up tables 61-64 
preferably are near one another. In addition, links 65 
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preferably are dedicated direct "fast links" provided 
between adjacent look-up tables. It will be appreciated 
however, that one or more of links 65 could be provided 
using the general purpose interconnect 12 of device 10. 
5 Moreover, it is not necessary for all of look-up 

tables 61-64 to be near one another. While the fastest 
possible result will be achieved when all of look-up 
tables 61-64 are near one another and connected by fast 
direct links, it is possible for look-up tables 61-64 to 

10 be near one another but interconnected by general purpose 
interconnect 12. It is also possible for look-up 
tables 61-64 to be scattered over device 10 as shown in 
FIG. 1, in which case the interconnections between look- 
up tables are clearly made in general purpose 

15 interconnect 12 . Although the two latter arrangements are 
slower than the arrangement where all look-up tables are 
near one another and interconnected by direct connections, 
in some cases, depending upon the particular user 
application, the space advantage of being able to use 

2 0 available look-up tables, wherever on device 10 they may 

be located, is more important than speed. For example, 
the alternative to spreading the look-up tables over 
device 10 to create a multiplexer may be to use the next 
larger model of device 10 to make available a sufficient 
25 number of look-up tables near one another. 

[0040] A PLD 10 incorporating multiplexers 60 according 
to the present invention may be used in many kinds of 
electronic devices. One possible use is in a data 
processing system 12 0 shown in FIG. 7. Data processing 

3 0 system 12 0 may include one or more of the following 

components: a processor 121; memory 122; I/O 
circuitry 123; and peripheral devices 1244. These 
components are coupled together by a system bus 12 5 and 
are populated on a circuit board 12 6 which is contained in 
35 an end-user system 127. 

[0041] System 120 can be used in a wide variety of 
applications, such as computer networking, data 
networking, instrumentation, video processing, digital 
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signal processing, or any other application where the 
advantage of using programmable or reprogrammable logic is 
desirable. PLD 10 can be used to perform a variety of 
different logic functions. For example, PLD 10 can be 
5 configured as a processor or controller that works in 
cooperation with processor 121. PLD 10 may also be used 
as an arbiter for arbitrating access to a shared resources 
in system 120. In yet another example, PLD 10 can be 
configured as an interface between processor 121 and one 
10 of the other components in system 120. It should be noted 
that system 12 0 is only exemplary, and that the true scope 
and spirit of the invention should be indicated by the 
following claims. 

[0042] Various technologies can be used to implement 
15 PLDs 10 as described above and incorporating this 
invention. 

[0043] It will be understood that the foregoing is only 
illustrative of the principles of the invention, and that 
various modifications can be made by those skilled in the 
2 0 art without departing from the scope and spirit of the 
invention, and the present invention is limited only by 
the claims that follow. 



